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NEW MEASUREMEMTS OF THE FUKBESCEICt EPFICIElCy Of AIR I 

UNDER EI£CTRON BCMBARDMENT 

by 

Äul L. Hartnar. 
Departiasnt of Riysics 

and 
I/ibcmtary of Atcnlc and Solid State Physics 

Cornell University, Ithaca, New York 

ABSIRACT 

The fluorescence efficiency of air under electron bcrabardment has 

been raeasured at a pressure carTesponding to an altitude of 65 km, for 

electron energies near 7^0 eV, witli the principal neasurements at the 1 

bright Wlh-l band of the Be iaa.   Efficiencies for the Wlh-l baid from 

two methods of tfcservation w<tre in good agreement, and gave a value 

5fe»i4 = 0.3'+?i.   Spectra were obtained for air emission in the range 2500 

to 12,000 k.    Comparison of the radiation in the jgi1»-! band to that in 

the whole apectruia gave a total efficiency of TL,*-,  " 1«8W for this 

spectral range.    Efflcleicles of some ladivldual bands of the Bg firat 

and second positive systems were also determined by comparison with the 

391'+-Ä batA. 

The 39l!*-ji efficiency, for elec^ron energies of 165 eV" to 1 keV, 

was found to be nearly independent of rnsrgy, rielng perhaps aü the 

O.OTtli power of the energy in this range. 

The dependence cm pressure of the light oattiut in the spectral range 

5000 to 11,000 X was observed for electron energies of 750 awi 1^25 eV 

aid pressures of JO to 960 p.    The efficiency of the 5914-Jl band is inde- 

pendent of pressure below 100_u.    Above 100 ji, efficiencies of the Ns     M 

first negative and Nz first and second positive bands decrease vlth in- 

creasing tressure, the first positive decreasing most rapidly and the 

second positive least rapidly.    Intensities of sone Na Meinel bands were 

compered with the first positive  (0,0) band at pressures of 1 to 50 u in 

nitrogen and air.   The Intensity of the Meinel bands relative to the 

first positive band increases by an order of magnitude in going from ni- 

trogen pressures of 50 to 1 n. 

As a check oa the photometric techniques, the cross section for ex- 

citation of the 391'*-il band by 750-eV electrons was raeasured and found to 

be In good agreement with results obtained by Holland.0   .Some electron 

range meftsurenents also gave results in agreement with previous work. 
I 



lOTRCDUCTIOK 

During I960 and 6l, the writer waa privileged 

to spend a year at the Loa Alamos Scientific labors- 

torj, at which tine he obtained some preliminary re- 

sults on the fluorescence efficiency of air under 

electron boribardment,    A aieeting paper was p-esented 

on the work,1 and a IA..MS report was written,3 but 

no furthsr publication was rede.    The work was to be 

continued, but circucstances prevented this.    With 

another sabbatical year available during I966 and 

67, it seemed appropriate to return to Los Alamos 

and attempt to bring the work to some patisfactory 

conclusion.    This report sunnarizes the year's work 

and presents the results obtained on the efficiency 

and other related matters. 

RKSUME CT THE 1960-1 RESULTS 

The p'.'elir.inary efficiency results were ob- 

tained  in three ways.   Each method involved firing 

an electron beam of kiiam current and energy into a 

sizable volurae of air so that all the beam energy 

was expanded in the gas.    An integration then deter- 

ziuneit the total light output.    Dete-.uinlng the beam 

characterlEblcs is a problem in physical electronics, 

and intej^rating the light to determine to what power 

it corresponds is a pröbleB in jticrtometry.    The 

three rethods differed principally In the way in 

which the light was Integrated. 

The first method made use of an optical inte- 

grating sphere enclosed in a large vacuum chamber. - 

The electron beam was injected through a port in the 

sphere, and the energy was deposited in air within 

it.    Ptiotometrio measurements wen; nade at a window 

looking In to the white inter^-r surface of the 

sphere. 

In the second oethod, the electron beam was 

fired into the same vacuum chamber without the large 

integrating sphere.    A snail integrating sphere and 

jiiotodetector were swung around the periphery of the 

glow so that the open port of the sphere, facing the 

glow, moved along a oeridien circle with the beam 

dlreeticn as axis.    Sampling each zone of latitude 

in this manner allowed a determination of the total 

amount of light leaving the glow. 

Finally, a third method, which evolved in ire- 

liminary studies, used a cylindrical glass bell Jar. 

The beam was injected into the bell Jar, and the 

photomatrio detector placed at a great enough dis- 

tance that one might treat the glow as a point 

source.    The geometry of the setup determined the 

fraction of the light received by the detect«-, and 

thus one could derive the total.    So the bell Jar, 

besides serving its original purpose as a means of 

studying the characteristics of saaä of the problems 

in the work, also offerea an attractive alternative 

method for the specific efficiency neasurement. 

The photometry in all three cases was done with 

unfiltered jiiotoiiultipliers.    Their response as a 

function of wavelength was determined by exposure to 

radiation of various wavelengths whose Intensity was 

determined with a thermopile.    When the detector was 

exposed to the glow,  one had to determine what frac- 

tion of the photocurr?nt came frnm the various spec- 

tral features in the light.   This was done by making 

spectral scans of a glow produced in the bell Jar. 

The detector looked at the bright part of the glow, 

at clooe range, through a moaochrcraeto^ whose trans- 

mission was separately determined.    These opsrations 

permitted determination of the efficiency at any 

spectral featia-e included in the range of the detec- 

tors. 

Determining the input beajn chara'teristics was 

not easy, particularly for the optical integrating 

sphere, with its insulating surface.    Both for the 

sphere and to some extent for the bell Jar, problems 

were encountered in the input current measurement. 

To alleviate the difficulty, a positive bias of 22 V 

was applied between the sphere and the gun injection 

tip to prevent ^.icw electrons from escaping to the 

gun tip.    This will be discussed later. 

The values found far the fluorescence efficiency 

of fie 391^-X Ha first negative band in air were a-, 

follows: 

Method 

Bell jar 

Integrating sphere 

Scanning ('etaetür 

Bäau 
0.264 

0,29^ 

o.io^ 

for an average of 0.555t.    A total efficiency for the 

spectral region from 5000 to 11,000 k was about 1.8£. 

The 5911*-i band average value was higher than 

that obtained from simple calculations3 using 
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published electron excltatloi cross sections,*   A 

calculation based on mure recent cross-section meas- 

urements5 yields a still higher efficiency, but the 

inference of better agreeirenc between the efficiency 

and cross-section measurements has been criticized6 

as unrarranted.    Because of these unresolved ques- 

tions and. the preliminary nature of the insults,  it 

seemed appropriate to arrive at a reliable value, 

making the yest corrections that one could. 

THE HEW MEASUREMEHTS  — 1966-7 

We decided not to use the scanning detector in 

making the new miasureraents; it was slow and awkward 

and gave a higher value than the other nethods.   The 

nther two methods would be used, with emphasis on 

the optical integrating sphere. 

APPfiRATUS 

The large vacuum system enclosing the Integrat- 

ing sjiiere is the one used before;  fitted with new 

purapw, traps, and valves.    It is shewn diagraramatl- 

cal^y in Fig. 1, taken from the earlier report.   The 

sphere is of spun aluminum, $* In. in dianeter, and 

fits closely in the enclosing vacuum chanter.    A 

well-perforated alignment sleeve between the gun and 

the sphere provides a stage of differential pumping. 

An ii.sulftted, blackened tube, vacuum-sealed to the 

sphere and outer window, prevented pumping through 

the cibBervatlon port.    Insulating fittings, also 

vacuum-sealed at the sphere and outer wa^l, allcw 

for gas leak, pressure measurement, and pump connec- 

tions into the sphere.   A single metallic connection 

at the same location permits meaourement of the net 

current into the sphere.    Windcvs along the sides of 

the vacuum chamber allow raeaourements and observa- 

tion from the outside when the sphere is removed. 

Coils spaced between these windews allow a magnet .c 

field of up to 100 gauss to be  imposed on the glow. 



New lnstn.raenvatlor. included a reilable pres- 

sure gauge (a continuously- recartfing capacitance 

manarneter); a reproducible conmercial vaciiua leak; 

a do electrometer amplifier to read phototube our- 

rentsj provision far chopping the elsctron beam In 

some applications; sad a synchronous detector for 

low signal nkjasureuent in the presence of noise In 

these same applications. 

Four different types of photomultipliers   «re 

used: two covered the visible range; one extended to 

2500 A in the ultraviolet; aru the fourth covered 

the range 3ÜO0 to 12,000 A.    Commercially made 1*0- 

tomultlplier coolers were used on all of these 

tubes.    In the beginning they were cooled with dry 

ice and, later In the vatk, far lovw term stability, 

with cold dry nitrogen gas boiled fron the liquid in 

a large Dewar vessel into which a heater had been 

dropped.    Thermocoupl« mcnltoring allowed photciaul- 

tipller temperatures to be held appraxinfetely con- 

stant at about -Ü50C.    This was impcrtant in the 

particular system empluyed for keeping the photo- 

raultlplier sensitivity constant. 

Tne monochrcoRtar used with any of the jhoto- 

multipliers as an entire detector unit had a small 

white diffusing screen mounted at one side of its 

exit slit.    This screen was illuminatad througji a 

reproducibly mounted flexible ligjit pipe by a snail 

incandescent lamp operating at constant voltage from 

a stabilized dc supply.    The voltage was constant to 

about one part in a thousand.    The lamp was mounted 

inside a turret which provided for the Interposition 

of neutral-density filters or a shutter between the 

lamp and the end of the light pipe.    The voltage on 

each photoBiultiplier WPS maintained such that, with 

the appropriate neutral-density filter in place, an 

arbitrary CSj-yA current was always shewn by the 

detector at the beginning and erl of any glow or 

standardizing source jhotometry.    Because the Jetoc- 

tcrs were exposed to the whole radiation frcm the 

lamp, which was brietest in the red, jhotomulti- 

plier temperatures were kept constant to prevunt 

suspected small shifts in their long wavelength 

threshold.    Since 391k-K fiiotonetry was involved In 

most of the werk, perhaps the neutral filters 

should have been replr.ced by blus» filters of various 

densities.    Whether any variation in the exTerlmen- 

tal results is to be attributed to vtriation In pho- 

tomultiplier Ben:;itivity arising from shifts in 

wavelength threshold is not known. 

Obtaining a suitably white and rugged coating 

for   '.e interior of the sphere required considerable 

ei,urt.   The previous coating, a mixture of water, 

BftC'*!Bium cKide, and a little carboxy-methyl-cellu- 

lose as a binder, was not uniform aoi was slightly 

yellow, probably from too much binder.    The new 

coating, sprayed from a small gun, was a slurry of 

negnesium oxide In chlorofarm in which suiae luclte 

shavings had been dissolved and into which seme 

lumps of dry Ice were dropped during the spraying to 

chill the mixture and keep it interspersed.   This 

coating, applied directly to the burnished aluminum 

surface, was adequately rugged and showed very good 

optical characteristics in i*e fleet one ter tests.    It 

did, however, show further optical gain when over- 

smoked with burning nsgneslum.    The smoke adhered 

well ■ 1. Ute undercoat of nsgnesium coclde. 

To provide for collection of charge injected 

Into the Bjiiei'e, strips of the metal surface were 

left bare.    Since the brightest part of the glow oc- 

curs In the vicinity of the sphere polar region at 

the gur., since the standardizing radiation for cali- 

bration is directed in on the polar region opposite 

the gun, and since all phatoaater measurements are 

made against the sphere surface opposite the window, 

these regions were very carefully coated and no met- 

al was left bare aeur them. 

The bell Jar (still referred to as such In spite 

of considerable dissimilarity) used in the new nsas- 

uremsnts is shown schematically in Fig. 2,    It is a 

stainless steel box 12 in. high, 15 In. wide, ani 

IS in. long, with large openings at two sides and one 

end.    The sides and e«i are closed uy plates of either 

metal or quartz, vacuum sealed by o-rings.   Except for 

the observation window, all Interior surfaces were 

heavily blackened with acetylene soot.   The gun is 

at the closed end of the box.    The top and bottom of 

the box are welM perforated with smaller vacuum- 

sealed openings to allow making various measuremerts 

with the chanter.    The nain pump hangs below the box, 

separated from it (in order from the pump) by a cold 

trap, e. large vacuum valve, a Tee connection to the 

gun, and a thin butterfly valve.    During measure- 

ments, the butterfly valve is closed so that the 

chamber is pumped only through the small orifice 
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Fig. 2.    Bell Jar apparatus. 

between gun and chasber through vhlch the electrori 

beam Is LiJectM.   Gas lealoiee Into the system is 
provided by a conraeroial leak valve.    Presoure meas- 

urements are made ucing the electronics of the pre- 

viously nentloaed capacltive monomster, connected to 

a separate ca-.^acr! *nc* head fixed to the system. 

Coils at each end of the bcoc allow fields of up to 

^0 gauss to be imposed over the volume   (see Fig. 2), 

taaller coils in the planes of the sides of the bcoc 

permit conpensation of the earth's field to keep the 

beam on the box axis. 

mm CUEREIC fEASüREMEOT 

From the beginning of the project, neasurenent 

of beam current, particularly in the integrating 

sphere, was difficult.   Even with an apparen.^y n^-- 

aBl glcw in the sphere, the currents leaving the gun 

and those entering the sphere  (which can be nutered, 

and should be equal) were both very low.    E^y biasing 

the sphere relative to the gun head inserted into 

it, ORS could make the currents positi''«, negative, 

or zero.   Evidently slew electrons ftnd Ions produced 

by the primary beam cause the variatiui.    Character- 
istics of sftiere current ond light output vs sphere 

bias are shown in Pig. 5.    Note *hat the light cut- 

put is nearly independent of the sphere bias.    The 

current cheracteristic drops below zero (positive 

cmvent to the cphere) at negative bids as slow sec- 

ondary electrons, far more abundant than jfinary 

electrons, are repelled from the sphere to be col- 

lected by the inserted gun head.    Beyond the shoul- 

der of the curve there is a slew rise, presumably 

because of the rejection of ions by the sphere.    In 

5 6 

-20 0 M 

SPHERE  BIAS (VOLTS) 

(«0 

v> 

B 
s 
3 

SPHERE  BIAS (VOLTS) 

(b) 

ri«. }.    Sphere 
22-1/2 

bias characteristics for  (a) IO41A and  (b) 100-IJA beams  (current assumed correct at 
■V bias). 

1 ; 



the steep fall-o^f, the current Is very unstable, 

prc*ably because in this low bias region the slow 

eleeuron flow is greatly Influenced by the potential 

distributicn over the insulatljig «all and (.ine iß 

required for equilibrium to be attained.   The wall 

coating potential is P:/* gräa«,ly different fron that 

of the underiyine jietal. 

In initial neasurenenta, cmrent readings vore 

nade with a positive 22-V bias applied to th«? ' phere, 

tue gun being grounded (through a neter).    Thii op- 

erating point is well removed from the  "shouider." 

Since at 2? V the current characteristic is stlli 

slcwly rising, this may not be the correct proce- 

dure.    Perhaps some other bias would be more appro- 

priate for   lie current measureiaeiit, or perhaps the 

rising characteristic should be extrapolated back to 

zeio bias.    (There was less uncertainty In the cur- 

rent nEasurement when the beam was injectet' into a 

metal chamber, cr at leas\, one with large metal 

areas such as the cylindrical glass bell jar wifci 

grounded uetal ends.)   Measurement of the current to 

a snell grounded plate near the gun tip shows that 

when the sphere goos about k V positive, the current 

to tne plate  (and presunboly that to the gun tip) 

becomes zero.    Floating potential measurements of 

this rJate and of the sphere itself Indicate arout a 

k-V difference between them and the gun tip.    Mumer- 

ous other tests indicate that a bias of about k V ie 

mace appropriate than the 22 V used InlttalCv. 

Whether the value is Independent of beam current and 

energy is not certain.    The light output and beam 

current measured at different values of rphere bias 

are most nearly propartional at low values, and show 

a hi^ier pcver dependence at higher biases.    In lat- 

er jeasurements ue operated close to the  "shoulder" 

of the current characteristic—at abcjt h V—and al- 

lowei a btaali annulrr electrod» placed in trotA of 

the gun noz.'.le to float.    The floating electrode re- 

ceived nc !«■(, current and helped pi—vent the flcv of 

charge back to the gun.    In calculating efficiencies 

frons observations nade with the sphere bias at 22 V, 

the beam current was corrected to that expected for 

U-V bia'    baaed oil -•urrent characterlr'   cs like 

those dlspi*yed ir. fig. }. 

Che rather remar'-abl« experiment pointed up 

the difficulty of current neasurement.    A bac nBde 

entirely of lucite, except for the f&stening screws 

(which did uot penetrate the walls), was mounted in 

the bell Jar up against the gun tip.    A small hole 

at the gun orifice and a large hole in the top for 

piuupout, closeable by a lucite flap, were the only 

openings in the box.   At low accelerati.ig voltages 

(belcw 250 V) and at pressures ccnparable to ti   -.t 

used in the fluaresctince measurements, no current 

fron the g1 n was detected and apparently no beam was 

injected, since no nariml glow was observed.     (A 

fÄint red ticw seen near the gun pert was apparently 

unaffected by the aftgnetlc field.    It is not under- 

stood.)   With the top flap open, a normal glow ap- 

peared in the box, a red glow appeared in the hole 

at the top, and the gun current mater read'jv; oecame 

abou1- nermai.    At higher voltage, with the lop hole 

either open or shut, there was a ncrmftl-looking glow 

in the becc.    Very little beam current was Indicated 

until the top hole was opened, then thr red glow ap- 

peared and the main fluorescent glow Increased 

slightly in brigntTsesf and extent.    With the top 

hole closed there was clearly enough charge flow 

back along ths beam to balance the charge injection 

into the volume. 

Although considerable tine was spent in trying 

to improve the current measurementr, not all the 

factors arcs thoroughly understood nor are criteria 

established for determining the true injected cur- 

rent under all conditions of pressure, beam current, 

and electron energy.    Fortunately, the fluorescence 

neasurements were made primarily at ont energy and 

one pressure for which we are reasonably sur^ that 

the method used to determine the injected current is 

correct. 

HKITCMETRY 

The phouometrlc procedurej icr the integrating 

sphere and the bell Jar were essentially the sant 

and are indicated schenatically in Fig. k.    An f5, 

50-cm Bausch and LaKb inonochronatar, modified far 

scanning over wavelength with a belt drive powered 

by a multiratio gear box and a synchronous motor, 

was used.   The light In the glow, within a certain 

^aniwidth aüd at a particular wavelength, was com- 

pared, to the light in the sane bandwidth and at the 

sane wavelength frcm a standard source,     jlfrer- 

ences in procedure for the two sys-l ems, caused by 

instrumental departures from the ideal, are mostly 



in the correctlonB applied.   No characteristics of 

individual components enter except In corrections; 

the sphere  (or bell Jar), monochronBior, ani detec- 

tor are treated as one optical elenent.   The System 

response to a kncwn amount of radiation fron a 

standard lamp is determined and used to determine 

the amount ol radiation from the unknown source pro- 

ducl   , a measured amount of output current,   nie 

mooochrcnatar posltiao ard slit width are not 

changed between the tvo meaflurements, and the jftoto- 

multipller sensitivity is kept fixed,    mse grating 

area is comfortably filled by the observation port. 

For the calibrations w<th the sphere, the vac- 

uum system is brought to atmospheric pressure and 

the gun is removed, exposing a 3A-ln.-dlam aper- 

ture.   The back polar region of the sphere is illum- 

inated by a standard tun* sten-lodlne source placed 

^3 cm from the aperture and operated unter specified 

conditljns.    The photocurrent is recorded as a mono- 

ohroaBtor scan is nade over the desired spectral 

range.    Blocking filters ai-j used where necessary to 

remove second-order light.    A similar scan is +.hen 

mde with a fluorescent glow present In the sphere. 

Spectral irradiance data supplied with the standard 

lamp allow determination of the power In the glow. 

Corrections are necessary for a nuaber of rea- 

sons«   During efficiency measuroinenti- rfith the In- 

tegrating stjhere, there is always sooe fluorescence 

In ft"ont of ■•"-he window.    The contribution of this 

fluorescence rzut ^e subtracted fiom the observed 

signal.   Alsc, the sphere surface seen through the 

ctoservation vlndi/* receives light directly from the 

diffuse glo^ in the volume, whereas in the measure- 
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ments with the standard lamp it is Illuminated only 

by at le^st once-reflscted light.    lastly, that area 

lUuninated by the standard BOO->*C» baa higher re- 

flectivity than the aver^je for the whole sphere. 

Wie correction for the fluorescent glow before 

the window Is found by looking at the glow  (with the 

spiiere removed) against a black sis face on the far 

vail of the chanter.    The coTTectlon,  of course, 

varies with pressure and beam energy, but typically 

is about ^   To make the other correi-tlcns, one 

must know the average reflectivity of the sphere and 

the relative intensities of direct and reflected 

light falling on the observed area.   This depends on 

the source poeltlon, and is determined by moving a 

snail lamp thrcu0i the sphere.   Rie lamp envelope is 

diffusely transmitting  (for uulfc   'ity of illumina- 

ticn), and at its base is a small witenen nask. 

lamp and mask aye mounted at ''he end  of u long rod 

so that when the rod is turner, the observed area 

sees first, the lAmp and then the na&k.   The llluml- 

na' ion on the area for the ttfo lamp orientations 

gives the contribution of direct light relative to 

that of light diffusely refie ted to it.   With the 

lAmp at the center of the sphere, the two readings 

give the average reflectivity of the sphere.   The 

glew is ncrt uniformly distributed, so the necessary 

correction varies throuöiout the volume.    Not know- 

ing the glow distribution and wlEhlng to avoid a 

very coopllcated  '.ntegration, we obtained the posi- 

tion of the center of gravity of the glow fron pro- 

jected photo^trl-   plots of a siallBr glow In air at 

atmospheric pressure pjubli^.cd by Grun.7   The plots 

were scale 1 up by the rfttio of the ranges In the two 

cases.    The correction for the directly reflected 

light was that which would be applied for e source 

located at the calculated center of gravity.    While 

not exact, this seems a reaaonabls approach.    The 

correction depends on the quality of the sphere 

coating, and varied in this work froo 10 to li»^. 

The correction for the better-than-everage reflec- 

tivity of the bright i>olar region Is only about 

l/2^ aad is straightforward, taking the reflectivity 

over that region to be about 58$. 

For the bell Jar photometry, the mono^nrooBtor- 

detectar la moved far enough away that the l6-ln. 

length of the box, as projected through the entrance 

slit, fills the width of the grating.    The correc- 

tions in the neasiu-enents are again necessitated by 



nonunifarm source distribution and. nonunlform re- 

sponse of the gnting-rhotonultipller ccniblnation to 

light from different parts of the glcw.    Having nsde 

the fluorescence measurenf.nt, where does one place 

the staniard source for the calibration'    We ,J«itar- 

mlned the center of gravity of the glow as seen by 

the raonochrooatar-detector at the wavelength In 

question.    This was done by taking moments of the 

spectrometer currents recorded while a slot was tra- 

versed horizontally and vertically across the window 

in front of the glow.   The standard source was then 

located in the nedian plane at the position so de- 

termined.    This can not be exactly correct, for one 

can imagine the extreme case in which, with the lamp 

at the center of gravity, ■Mie lip .t urojected from 

the nearly point stariard source    alls on a "dead" 

spot on the grating.   The grating was found te »ary 

smoothly cnrer its surface at hOOO i (it Is quite 

different at 8000 t) so the eircr Is uot lÄTge. 

A difficulty In the bell .'"ur calibration ap- 

pears because the Standard source Is so bright that 

Inordinately large phatocurrents might be drawn troa 

the phctcDultlplier.   nils was avoided by reducing 

the gain a set omcutit throuji reference to the sig- 

nal produced by the sensitivity monitor lamp.    To 

further relieve this problem, a neutral-density fil- 

ter was usfcd in front of the entrance slit of the 

mcmochrooÄtar in both the calibration and efficiency 

neasureinents. 

the lamp signal was read at the position correspond- 

ing to the peak of the  fluorescence signal.    In many 

instances the monochronator was simply set at the 

peak wavelength, and the response to the lamp ob- 

tained at that pjint only.    The area of the fluores- 

cenoe band was determined by planimetry of the phf 

tocurrent trace.   These data were converted to use- 

ful units by planimetry of a rectangl& ^o n»ny mi- 

croamperes high and angstroms 3o^0 on the chart. 

Bi«   power in the bond is grtanlaad from the re- 

sponse to the known ^r-ndard radiation.    Prom thi 

and ft-om the kn.» u energy input In the beam, the ef- 

ficiency i(< obtained.   Itoe spectral bandwidth is not 

needed oecause the slits were noit changed between 

ri.-asuremeRts with the two sources, but for most of 

the measurements it was about 66 A,   A typical band 

profile Is shown in Fig. 5«   Because of the changing 

response of the phot emit ipliers In this resion (the 

response was assumed constant for the efficiency de- 

termination, and equal to that at the band center), 

the actual profile of the band neu: the base could, 

be diffbrent fron that shown.   To determine a bound- 

ary fcr Integration, the line profile was brought to 

zero en the sucrt wavelength side inmediately belcw 

the valley point, as shown by the dashed line in the 

figure.   This probably underestimates the area cm 

tills side, and the line should probably be brought 

through a point halfway between the valley point and 

zero (as ehoun by the dotted line).    Cn the long 

FX,U3ffiSCEIiCE EPPICnirCY MEASUREMUCS 

The fluorescence efficiencies were determined 

principally at 70-\x dry Isbcratory air pressure 

(corresponding to 66 km altitude) and at an electron 

energy of about 750 eV.    (In the bell Jar they were 

determined at 670 eV with a 25-gauss applied fleid, 

s3t to prevent both wall and end losses.)   A great 

nfiny measureiaentB involving oil four phc*:aaultlpll- 

ers in both systems have been mde.   Emphasis was on 

the 391^-1 fluorescence.   The usual technique was to 

allow the conochrooator to scan sltwly over the mo- 

lecular hejA, recording the output photocurrent. 

Event narks were y«le oanually at the side of the 

trace every 50 X.    In calibration, a similar scan 

was lede of light from the standard lamp.    Wave- 

length narks CM the two records were Hatched, and 

Fi«- 5.   Typical 591l»-Ji scon (with 6097S photomulti- 
plier).    Dashed line at base indicates en- 
velope measured by planimetry.    Dotted line 
indicates mere probable real envelope on 
short wavelength side.   Dash-dotted narrow 
profile is a 10-i resolution scan of band. 
Shaded areas are compensating error areos 
indicated to Justify method of appraxinat- 
ing area of band. 



wavpiengüi clde there Is no clean criterion to ap- 

ply, so the- line was brought to zero under the 

slight Inflection point  (dashed line). 

Ho correction for energy lost from the beam be- 

tween the gun anode and the sphere has been node in 

any of the work.   This lose caanot be serious In any 

runs except BOOB nede at high pressures for which 

the range Is only an inch or so and the distance 

times pressure traversed by the beam in reaching the 

sphere it  very appreciable.    Two other corrections 

have been nude in the laboratory work.   Hie first is 

fairly large anl is inferred by scnewhat indirect 

means.   This IP a loss of light In the laboratory 

system that would not occur in the upper atmosphere, 

m that "back-scattered" electrons collide with wall 

surfaces before all their energy is expended in the 

gas.    Use is again nede of Crun's7 photonetric con- 
tours of a glow produced by high energy electrons In 

air at atmospheric pressure, and of his plot of in- 

tegrated light vs distance froni the Injection noz.'le. 

Ulis nozzle, being conical, allows him to obtain 

sane light behind the iJjection plane.    From plani- 

metry of his published plot, one Infers that at 
least 2.3$ of the  light occurs behind this -.lane. 

Prom the photonetrlc plots ore can estlnBte the ra- 

■iio of this light loss to the loss to a spherical 

eurfaca the size of our Integrating sphere, scaled 

down in the ratio of his derived range to that ob- 

tained In some of this work six years ago.    In the 

present experiment with the Integrating sphere this 

li^it loss is about 11^.    For the bell Jar it is the 

2,5^.    Ho great accuracy can be claimed for either 

of these figures.    That for the sphere na;- be SCOB- 

what large in view of recent range measurements 

which indicate that the assumed range is too long. 

In any event, our experimental efficiencies are in- 

creased by these factors. 

Whether another correction should be made de- 

pendc on what is wanted from the neasurements.    If 
one wants to knev the efficiency for a practical de- 

tector with a bindwidth of 60 k monitoring the upper 

atsoaphere, a correction will not be applied.    If 

one wants the efficiency for the production of light 

raily In ths 5911»-X, tixat ne<^'-lve  (0,0) band of l£, 

a correction should be applied, for In the present 

msasureinettts this band is completely unresolved from 

the 58*-Jl (l,i; band.    From a high resolution scan 

over the region near J9ll* k made by Holland in this 

taboratory. It has been determined that ■«• 5$ of the 

light in the two bands is ccntrlbuted by the 388^-i 

bacd.    In the results to be quoted, both this and 

the preceding corrections have been aBde. 

From nearly 130 scans made over the band in the 

Integrating sphere, including all the corrections 

cited above, an average efficiency of TbsM ■ 0'537^ 
was derived with a statistical accuracy of about 1$. 

This is grea'jr accuracy than can be claimed for the 

actual value quoted, in view cf the uncertainties in 

some of the corrections. 

'he reductions of the scans made with the bell 

Jar are almost the sane, differing a little only in 

the calibration.    Instead of admitting a known 

amount of calibrating light into the system through 

a known aperture, one calculates ths total power per 

10-J. bandwidth that would be radiated by the stand- 

ard source. If it radiated the sane isotroplcally as 

In the direction prescribed for its use.   The signal 

comparison then gives the power that the glow radi- 

ates In a UTT solid angle. 

From about $0 scans aade with the various pho- 

toEultlpliers and the bell Jar, an efficiency value 

of %ex4 ■ 0.5505t Is derived wltii a little less than 
2$ statistical accuracy. 

To obtain the best efficiency value statisti- 

cally, one should probably weight the integrating 

sphere result about three times as heavily as the 
Df the bell Jar.    But became of the size and uncer- 

tainty of the corrections applied to the sphere re- 

sults, one is inclined to weight them about equally. 

This leads to a final value of Ibort " 0.3^556 and 

the belief that this value Is good possibly to 3%. 

Total Fluoregcence Efficiency 

A number of scans of the fluorescence In the 
spectral range 5000 to 11,000 i have been nade with 

the integrating sphere, using the red-sensitive pho- 

toaultlplier.    Blocking filters were used where nec- 

essary to eliminate second- or third-order light. 

To correct for light contributed to the glw scan by 

the gun filament's shining into the sphere, a single 

scan of this light alone was imde for each run. 

This signal was subtracted from the glow scan.    A 

simllBr calibrating bean of the standard lamp 

I 
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radiation was nade for each run.    ID each run, an 

average of two or three lamp and fluorescence scans 

was taken.    From the standard lamp scan and the data 

supplied with the lamp, the response (nW/lO ]Ut*A) at 

the detection system vs wavelength was plotted. 

From this response and the fluorescence scan reduced 

by subtracting the filament light contribution (each 

correoted for base line drift, scattered llgl t con- 

tribution, and any appreciable fhotomultiplier sen- 

sitivity change), a power plot of the fluorescence 

spectrum was draw.-i.    Placiaetry provided the pcwer 

ratios In various parts of the spectrum—in particu- 

lar the ratio of the power in the combined 591^- Md 

368'«-X bands to the total.   A subsequent scan and 

calibration with the ultraviolet photonultlplier 

mode possible an extension of the spectrum to short 

wavelengths.   using a chopped electron beam and ae 

synchronous detection, the spectrum was extended to 

12,000 L   Direct current calibration (A to this 

wavelength was possible by careful subtraction of 

scattered light contribution.   Data on the standard 

lamp were obtained by extrapolation traa the region 
nelow 11,000 L   Each of these spectrum extensions 

was nornalized at a streng band ccBBcn to the usual 

scan and the extension.   This required only a satll 
adjustment, but it means that the absolute magnitude 

of the sensitivity for the long and short wavelength 
scans is essentially based on the better calibration 

in the central region, while the wavelength depend- 

ence of the sensitivity is determined by the exten- 

sion calibrations. 

In determining the total efficiency we assume 

that the correction for fluorescence in front of the 

vlitiaw is the same at all wavelengths as it is at 

591'» A, and that the corrections far the differences 

In illumination of the oagaesiuB wide surface of 

the integrating sphere are also Independent of wave- 

length.   This is not actually so since the reflec- 

tivity Involved in these corrections does change 

with wavelength.   Within these limitations, one de- 

rives  (far four separate calibrations and spectrum 

scans) ratios of the power in the 39&- «nd 3Q*-l 

bands to the power in the spectrum, fro» JOOC^ to 

11,000 I, of 0.200, 0.196, 0.205, *nii 0.202 for an 

average value of 0.201.   Adding the snll amouin of 

light iii the extensions to long and short waveleJgtET- 

one obtains a total efficiency, over the regten 

2500 to 12,000 i, of Tl   - 1.86*. 

Bfficieaeles in Other Bands 

Efficiencies in seleo-'.ed spectral features 

other than the 391^-Jl band were obtained a3 an af- 

terthought in the total efficiency »ietermlnatlan. 

In each of several spectra, areas of the bare'.s of 

interest were measured   and compared with the area 

of the 3914-1 band in the sane spectrum.   Since a 

good value had been obtained for 1)3914, efficiencies 

of tne other bands could be determined. 

Unfortunately, most total spectrum scans were 

sAde with a lower chart speed and a higher spectom- 

eter scanning speed than was embayed in scans 

across the 5911*-J. band alone.   "Bius spectral fea- 

tures «ere narrowed so that area, determinations are 

lass rolKible than in the 3914-X photometry.   Fur- 
thermore, for all scans except the two made at high 

resolution, relative intensities were determined by 

measuring areas In the  (derived) pewer spectra, 

rather than by mear iring area» it the photocurrent 

records and converting to puwer as In the 591it-A 
Itootonetry.   For the two high resolution scans, band 
areas were measured in the photocurrent trace and 

converted to power using calibration data appropri- 

ate for the wavelengths at the peaks of the bands. 

Corrections to uU measurenfeuts were the same as 

those applied in the total efficiency determination. 

Data and results are {resented in Table I. 

Each spectral feature is identified by band system, 

bazxlhead wavelength of the principal constituent, 

anl vibrational quantum numbera of bands which con- 

tribute to the intensity.   The ratios of pewer in 
äfesh band complex to thäc at 391k Jl are tabulated. 

Efficiencies listed are the pewer ratioe nultiplied 

by 0.35?*, the efficiency of the 3914-i feature. 

fThls ftature include« the 3Ö84-X band, and its ef- 

ficiency i.j 1.05 tlaes the value of 0.34* obtained 

for the 591b-li band alone.) 

While there is rather a wide spread in the ra- 

tios for particuUr bands, the average deviation 

traa the mean is only 4 to 6* for all except the 

3:19-1 band in the first seven runs listed.   Re- 

sults of the high resolution scan with the 7102 
liiotOBwltlpller, where sow separmtlon of components 

of complex features was possible, «re not very 
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Tabl« I.    Pcwr Ratios of Indicated Sl»ct«l Fe.tu«. to 591^4 ft-tu« .ad ClculBted Emclencle,: 
Alp RMfsure 70 n. Electron Energie» ne*r 750 eV. 

Aversge 

Ka 2P 4 Hi Nz IF j 
3577 k I 

1 

3159 A 3371 k 
(0,1) 
(1,2) 

I 
(1,0) (0,0) 16-lfl 391^ k FH tyne-- 

Run 
(2,1) 
(?,2) 

1,1) 
2,2) 

(1,0) 
(2|1) 

5805 k 
(0,2) 

^059 11 
(0.3) 

{0.0) 9725 k 
(2,1) 

8912 X 
(1,0) 

10,510 i 
(0,0) 

710ß-A 0.362 0.319 0.353 — — 1.0 0.255 0.260 0.177 
7102—B 0.188 O.58O 0.375 — — 1.0 0.208 0.21H O.178 

KMI--UV 0.275 0.365 0.526 ~ — 1.0 .. 
71CC-C 0.28-' 0.581* 0.365 — — 1.0 O.200 0.211 0.155 
7102—D 0.228 0.597 0.358 — - 1.0 0.193 0.219 0.ll»9 
7102—E 0.332 0,369 0.369 — — 1.0 0.208 0.231 0.167 

HRS*,EMI—UV 0.229 0=332 0.568 O.OSU .^ 1.0 .. 

0.272       0.364       0.558 0.081» 

Efficiency $ 0.097 0.150 0.128 0.050 — 

(1,0) 
only 

(0,0) 
only 

(0,1) 
only 

ms*,71Cß 0.554 0.590 0.522 0.105 0.0336 

Efficiency % 0.126 0.159 0.115 0.057 0.0120 

1.0 

0.357 

1.0 

0.557 

0.209     0.231       o.i67 

0.075       0.082 0.060 

0.213       0.229 0.201* 

O.O76       0.032 0.073 

*HRS:    "Hitfj"resolution scan. 

satisfÄctory.   The efficiency of a cmpooent can 

hardly be larger than that of the .ooplex.   However, 

even In this run, ratios for the first positive 

bands agree reasonably well with the average of the 
lot resolution «cans. 

Variation of Efficiency with Bean Energy 

Most of the efficiency data were «»tained In a 
restricted energy rangi» near 700 eV and at 70^1 

pressure.   Sone stadles at other energies were nade 

for comparison.   Oils is of sans interest since a 

theoretical calculation8 indicates that an increase 

by s jut a ffcctor cf two B»y be expected in going 

Tras TTln"  .,  alec -00 energy of 100 eV to 1000 eV. 

The meaaurenent is r latlvely easy to «Ute.   The 

manochroBBtar-detector observing the ophere wall is 

set «t the peak of the 3914-A fluorescence-   Assum- 

ing that Jie height of the photonultipller current 
peak is proportional to the total band intensity, 

one obser-ea the variation in detector output as the 

electron bean energy is varied at a constant input 

current.    If the pressure Is held constant, the glow 
diminishes In size drastically as the beam energy Is 

reduced.    Ooe might think that a variation merely 

reflected an Increase in the spbere reflectivity to- 

ward the polar region o* the gun, whew even an ex- 
tended glow if most bright.    However, the experiment 

can be done in another way; the pressure can be de- 

creased along with the decrease of beam energy, so 

that the volume of the glow Is kept apprcecinately 

constant.    Figure 6 sh vs the resrits of both tech- 

niques.    In addition, there Is a plot obtained with 

the bell .lar glow held at constant size.    The dashed 

13 



1              1          !       i     !    I    1   I   I 
OLOW LIMITED           . 
BY SPHERE SIZE      "VA" 

/ 
t- 
2 .0 

O 
^■ 

I o /f 
' // 
/ / 

/ / 
V 

i          i       i     i    i   i   i  i 1 
I01 

BEAM   ENERGY,  «V 

(a) 

KJ« to» 
BEAM ENERGY,   «V 

(b) 

BEAM ENERGY,    eV 

(c) 

Fig. 6.    3914-X fluorescence vs beam energy,     (a) Sphere - coostant pressure,   fb) Sphere - ccmatant glow 
size,  (c) Bell Jar - constant ßlcw size.   Average slope » 1.07.   Dashed line carrespoads to con- 
stant efficiency. 

line beside each plot indicates «hat would be ex- 

pected If the efficiency were constant.    The light 

output apparently Increases a little faster t' an the 

energy (about as the i.OTth power of the energy), 

and this result is not greatly changed by altering 

the pressur-» during the run.   The light output from 

the bell Jar appears more nearly proporticnal to en- 

ergy thrn that observed from the sphere.   Except four 

the lew point at 85-eV beam energy, the change in 

efficiency over the range is not more than 1.2 to 1. 

Variation of Efficiency with flwssure 

As a corollary to the preceding discussion, one 

can perhaps say something about the pressure depend- 

ence of the efficiency.   The efficiency seems quite 

irxiependent of the pressure be £w 100 ^i.   When nev 

range nrasurements indicated that the efficiency 

could be mee-sured at pressures belw 70 u, one care- 

ful absolute measureBBnt was made at lt-0 |a.   This in- 

volved a new sphere calibration and corrections and 

a new coarection for fluorescane        front of the 

observing wlolaw.    But no new con-^ctlan was made 

for the loss of the back-scattered electrons, which 

is probably greater at the lew pressui«.   Applying 

the old back-scattering correction gave a 391^-i 

efficiency of 0.555t,   A proper correction would 

raise this value to perhaps 0.58^. 

The best evidence that the efficiency does not 
deperd on pressure below 100 y is in the curves of 

energy dependence, where pressure is also varied to 

mlntain constant glew size.    In these circumstances 

the back-scattered loss and window corrections are 

about constant. 

Of slight possible Interest is the fact that 
the efficiency is Independent of gas fI07 rate into 

the sphere If the pressure gauge reading is held 

constant.    Rressure gradients and wall impurities 

appear to be negligible factors in the results. 

At pressures froro 100 u to 2 m, there is 

murked degradation of the efficiency, if the spectra 

to be presented later are correct.    (See the sec- 

tion, "Spectral Variations with ft-essure.") 

Efficiency la Nitrogen 

One careful absolute neasurement of the 391^-^ 

efficiency In Tltrogen was mde.    It was made near 

the middle of a long period separating two calibra- 

IK 



tlona of the sjiiere, during vhlch purl^ the B&er« 

showed an average reflectivity deterlaratlon of 

about 15%   Taking the sphere deterioration to be 

half of this at the time of the measurement, and 

scaling the derived efficiency dowj by 78j6 to cor- 

respond to the efficiency In air, one arrived at an 

efficiency of 0.35^.   35« iroceduro in not a happy 
one« 

More significant is a series of mBasureaentB on 

the 3911*-! relative efficiency mde In the bell Jar 

a>3 the nitrogen ratio In an atmosphere of oxygen and 

nitrogen vas varied from zero to 100&   The results 

are shewn in Fig. 7.    It seems clear that the oocygen 

has no effect in deactivating this partlculAr excit- 

ed state of nitrogen, at least at the 60-u pressure 
of this experiment. 

As a point of interest, a search failed to re- 

veal the auroral green line in the pure oxygen at- 

mosphere, even at pressures in the micron range and 

at 10-i resolution, although the  (1,0) baal of (^ at 

the same wsvelength was itself quite bright, as vas 

the   (2,0) band at shorter vavelength.   A neasurenent 

of the collision cross section for the excitation of 

these two states might be oi' considerable Interest, 
but tine has not permitted li. 

% N, IN 02-N2 MIXTURE 

Fig. 7.    391M-X production vs Ife/cfe+Ife. ratio.   Tha 
line misses the origin probably because of 
residual Us in out^ssing. 

Efficiency Heasureaent with Interference Filter 

HtQfeaggtgy 

Electron excitation cross-section measurements 

for the yilk-X band of nitrogen have been made by 

R. HollAnd of IA8L Croup J-10.9   His results and 

those of sane others doing similar work seem to dis- 

agree.    Since photometry is very much involved, we 

decided to see what efficiency his photooeter would 
give for a glw produced in our bell Jar.   The pho- 

tometer utilizes an interference filter to Isolate 
the baal at 3911* i (free of that at 5881* I) ani, by 

baffling, looks at a snail solid angle.    To use It 

for a flucrescenoe measurement with the bell Jar 

necessitated reflecting the light once in a mirror 

in order to fit the setup into a single laboratory 

room.   The reflectivity of the mirror was measured 

later, but the bell Jar quartz window transmission 

was simply taken as gz%, representing only the re- 

flection losses.   A nutter of measurements nade at 

67C-eV beam energy in air at 70 u and corrected for 

the back-scattering loss gave an efficiency value of 

0.54^.    The agreement is too good, but does lend 

confidence in the photcoetry of both pi-ograms. 

Variation of Efficiency with Beam Current 

As indicated previously, in trying to establibh 

a correct operating value for the integrating sphere 

bias, a great nany plots of light (3914-Jl) vs beam 

current have been made.   Most of these plots gave a 

110it variation a little steeper than the first pow- 

er of the current, with the exponent ranging fron a 

very satisfactary value of unity up to 1.08.   Typi- 
cal is a light variation jropaTtional to the l.C+th 

power of the current.    Extensive oeasurements have 

not been made in the bell Jar, althouch SOBB recent 
measurenents Indicate a close to linear depenlence 

over two decades.    Bell Jar results of six years ago 

over five decades, ffom 10-3 to 100 ^A, showed a 

nearly linear depenlence.    This experiment was later 

extended by Holland,10 under condltlonB inteoied to 

increase the probability of secondary excitation of 

%.    tJitrogen at  i'0-a pressure was bombarded by a 

beam of SfeO-eV electrons Injected parallel to a 200- 

gauaa nagnetlc field.    Emission at  '91^  A was moni- 

tored while beam currents were varied   fron 10 ^A to 
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5 mA.    Light output in the 5914-1 band was propor- 

tional to current over this range,    if thare is any 

secondary excitation in the present fluarescence 

nBasurenents, it is oriy c laftll factor in the final 
results quoted above» 

SffiCTRA 

"High Resolution" Spsctrum 

After lew resolution spectra of the fluores- 

cence had bee« obtained In naking total efficiency 

luasurements, it vas suggested that a higher resolu- 

tion scan of the spectrum bo inde for pemnent rec- 

ord.   Accordingly, the monoohronfttor slits were nar- 

rowed to about lA nro, corresponding to a theoreti- 

cal resolution of about 8 i (actual resolution is 

probably about 10 ?,).    Since this represented a 

large drop in ll^vt input to the Instrument below 
that at 2-Bm silt width, the electron beam was 

chopped and synchronous detectioti used.   The scan- 

ning rate was slow to allow sufficient Integration 

tine fcx noise reduction.    Only one such spectrum 
hac been nede, the run taking «bout 10 hours.   An- 

other would be useful to check on some minor fea- 
tures which may be noise.    The latio of photomulti- 

pller noise to signal is everywhere at least two to 

one, so It Is possible that some of the spectral 

fluctuations are not real.    In determining the power 

at any wavelength, we «ssvnne that corrections for 
the wtndw glow and for the effect of direct lllunr - 

nation of the observed area are independent of wave- 

length.    The latter is certainly not true since it 

Involves reflectivity of the sphere which does 

change with wavelength.   Whether the ratio of light 

emitted at the window to that diffusely reflected 

out of it is a function of wavelength Is not cer- 

tain, but there is sane evidence eh&t In the peri- 

pheral regions of the glcw the red light Increases 

relative to that of the JPl't-i band.   Tte effects of 
assuming these corrections to be Independent of 

wavelength cannot be very serious, however. 

The chart record of the photocurrent spectrum 

was smoothed out, and data from It and the calibra- 

tion scan (including corrections for dark current 

and base-line drift In the latter, which was a dc 

measurement) were put on punched cards and fed into 

a computer.*   The mchlne plotted a spectrum on a 

lo^rlthmlc scale.    Figure 8, In three parts, shows 

the results.   The spectrum differs from those ob- 

tained by Davidson and O'Nell11 at much hlö>er pres- 

sures and energies, but la not much different from 

one they obtained la nitrogen at pressures compara- 

ble to that uued here.11   The band identification is 

taken trca their work and fron Psarse and Gaydcm.13 

The spectrum will be of most use in the comparison 

and identification of bawls observed in high alti- 

tude shots.   The dotted portions of the spectrum at 

each end were obtained at much lower resolution in 

the work on the total fluorescence.    (Rese portions 

were nomallzed to the main part of the spectrum by 

matching strong features In the overlap rsßions. 

Spectral Varlatioas with Pressure 

To determine whether there was observable col- 

Uslonal deactlvatlcn of the fluarescence in the 

laboratory system and whether it depended on wave- 

length  (and how) over various regions of the spec- 

trum, a number of spectral scans were nade with the 

integrating sphere, over as wide a pressure range as 

feasible.    These scans were made at energies of 750 

and 1425 eV at a constant average beam current  (the 

beam was chopped and synchronous detection used) of 

100 i^A In all cases.   The jffoblem of beam-current 

measurement again arose.    Belotr 100-vi pressure the 

if-V sphere bias previously determined appeared about 

rl^it for the current measurement.    At higher pres- 

sures the proper bias became less aw", less certain. 

Therefore, characteristic curves of sphere current 

vs bias voltage were plotted at each pressure, ani 

the "correct" bias was chosen as the shoulder point 

wh curve breaks toward saturation.    This 

break oeoones less and less distinct and moves to 

higher and higher  (always iwsltlve) bias values as 

pressure Increases.   Whether the true in.lected cur- 
rent wts that read at the bias decided upon is a 

moot question.   The need for a technique to ensure 

knowledge of the injected current is obvious. 

The spectra presented are merely smoothed ver- 

sions of the recorded photocurrents, with no 

•Grateful acknwledgment Is made to Lois Duncan for 
punching the cards and to Dorothy Stam for working 
out the program. 
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Air fluowscenoe spectrum at various pressures for an electron energy of 750 eV.    Note the initial 
rise in light outprt In the second positive anr'. first negative systems with the pressure change 
from JO to 60^.    This Is because at 30« the range is too long and net all the energy is dissipated 
in the gas.    In cpite of this the first positive system for the most part already shows a drop in 
light output over this pressure Increment.    Sensitivities for full scale deflection are Indicated 
along the top of the spectrum. 

corrections applied.   The corrections are implicitly 

assumed to be independent of wavelength and pressure. 

One is only interested here in hw the various spec- 

tral features change with pressure.    The window gl<w 

correction changes wi+h pressure, but since it is 

only W at /O « and decreases at higher pressures, 

the error is not serious.    Figure 9 shews the re- 

sults at 750 eV.    The results at 1^25 eV are timfl&i. 

All the spectral features appear to be degraded with 

increasing precsure, but at different rates.    The 

first positive system of rfe falls off most rapidly, 

then the fira. negative system of s£, while the Na 

second positive system holds up best. 

Relative peak heights (from the photocurrent 

record) for representative bands at various pres- 

sures are given in Table II.    The height of each 
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band is taken as unity at 60-u pressure.    Band effi- 

ciencies at this pressure should he close to those 

given for 70 u, with the possible exception of the 

first positive bands.    Judging from the evidence in 

Table II, first positive efficiencies will be scne- 

what higher at 60 n than at 70 u.    If one can reli- 

ably establish he»-" any one of the systems actually 

depends on pressure, he can determine the dependence 

of the others from a detailed reduction of the spec- 

tral data.   A factor which is ignored is the loss in 

bean energy between the gun anode rind the sphere. 

At high pressures, this is certainly appreciable. 

It is estinRted tliat, at 1 nan pressure, a 750-eV 

electron loses about 7$ of its energy before enter- 

ing the sphere. 

Measurenents from 5000 to hOQO A in t.ie bell 

,iar over a sooewhat snaller pressure range  inllcate 

that the degradation observed there s.8 quite slnllAr 

to that seen in the sphere.    Ctae feels a little more 

confidence in the current neasurenents aade in the 

bell Jar, so it nay well be that the vwiations ob- 

served in the sphere are not far wrong.    Beam energy 

loss between the gun anode end the interaction vol- 

uie would be similar for the bell Jar and tn^ sphere r 

HeineJ. Bands 

The Meinel bands have been observed In one high 

altitude test.    Attempts to see th-m In the Laboratory 
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Table II •ce 

Wave- 
length 
(i) 5159 

System n-^p 

Pressure 

6C 1.00 

120 1.01 

2iK) O.tS 

1*80 0.G0 

960 0.68 

EfflcieneieiJ 
at  70 u   (Sec 
Tabii.- T)    ^.097 

Dependence of Selected Bands 

3571   5577   391^ 

NfiSP   Ns2P   NalK 

8723    6912    10,510 

NslP   NslP     HslP 

L.OO 1,00 1.00 

1.03 1.00 0.98 

0.90 0.86 0.76 

0.83 0.78 0.60 

0. ß 0.6k 0.1*0 

1.00 1.00 1.00 

0.79 0.78 0.78 

0.1*7 o.i»6 0.1*1* 

0.28 0.28 0.26 

C.15 o.H* 0.13 

0.150 0.128 0.31*    0.075 0.082    0.060 

System were mcderRtely successful.    Since they are 

strongly collisioneixly deactivated, the observations 

were nade with 750-eV .ilectronB at pressures from 

50 {j to as JXM as feaaibla.    llie technique was to 

scan seleited spscti«! regions of the flelnel system 

and SOP* other spectral feature that was not strong- 

ly ::ollisionally deactivated.    The  (0,0) first posi- 

tive band of Ife was chosen as the reference jand 

against which to coopare the Meinel bands at various 

pressures.    [The Ife IP (0,0) band does not havs a 

very snort lifetime, bv.t does have a very low colli- 

slonal deactivation cross section, so It serves 

well.]   The work was done both in pure nitrogen and 

la air.   The energence  ^ the Meinel bands at low 

pressure was most striking in the nitrogen scans, 

but slmllw behftvior was observed with air.    To get 

iii long an electron path in the gas at low jireesures 

as the rphero wen Id aLiow, the beam was sent through 

a snail oending electrccBgnet mounted in the sphere 

at the beam entrance port.    In the presence of the 

ap>,: led longitudinal field, the beam became a helix, 

the pitch and diaaeter of vhicL were easily variob- 

Ifi-.cjulte a pretty sight when observed without the 

sphor; in place.   Th« ploy was not as successful In 

incieaaJng the light output as hoped, but spectra 

were obtained with it nonetheless.    Figure 10 shows 

the results for son»; Meinel bands.    All curves rep- 

resent uncorrected photocurrent vs wavelength, nor- 

aallzed to the 10,510-1 (0,0) IP band and plotted on 

a logaritbiilc scale.    Relative to the reference 

band, the Meinel system Intensity ; ncreases by 

roughly a factor of ten over the pressure ranpe. 

No quantitative analysis of the data has been «de, 

are?, it seems that at best only the ratio of the de- 

activation rate for the Melrel system to that for 

the reftrence band could bo cbtained.    This inl6,it be 

of Rene interest, hewever. 

CROCS-SECTION MEASURKMENTS 

We decided to determiue whether some of Hol- 

land 's cross-section values far the excitation of 

the 391'*-^ band could be obtained in thi inhere and 

the bell jar, to check that his values were reason- 

able. 

Integrating Sphera Measurements 

The crjLs-aectlon meaFurement is sljnply an ef- 

ficiency measuiement dBde at low pres-jures so that 

the beam suffers little energy loss in traversing 

the interaction region—in this Instance the diam- 

eter cf the sphere.    Thus pressures below 10 u were 

used.   Ac 10 u, a 750-eV electron has a range of 

about four tines the sphere diameter, so it loses 

-ppfaximately 30^ rf its energy, «king a not very 

clean experiment.    Oa the other hand, the cross 

section does not change greatly fr'-1 7^0 to 50.> eV, 

so a rough check can still 'of mad 

Because of some uncertainty in the capacitance 

nanooeter's most sensitive  (0- to 3-u) scale, the 

change in light output for snail pressure changes 

was determined and the cross sect*      ppproprlate for 

the observed differences was dictated.    Excellent 

agreement with Holland's results was achieved.    This 

was disregarded, however, when work was dons with 

V"'- bell Jar and the apparent role of seci dary 

electrons in producing light was recognized.    The 

spjer    was recalibrated, and the cross section was 

redetermined and found to be much too high.    It is 

apparent ffora the bell Jar work that the integrat- 

ing sphere cannot give a good value, because it in- 

tegrates light produced ^y secondaries as well as 

primaries, and there is no way to discriminate be- 

tween them. 

Bell Jar Measurement ■> 

When cross-section laeasurenents were made in 
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the bell Jar, mere trouble was encountered,    Hol- 

land's ifcotoneter gave results in reasonable ftaree- 

nent with his previous neasurement.    With our spec- 

trometer, however, cross sections about 50^ higher 

were obtained, though the two instnunents had »greed 

in the fluorescence efficiency determination.   We 

found that by sh'rtting off all the light from the 

bell Jar except that enanatlng from a narrow strip 

coincident with the jrinary ' «am, we could obtain 

cross sections in good agreement with Holland's re- 

sults.   The volume of gas external to the bean con- 

tributes a large part of the total light in the bell 

Jar, ard this light should not be Included in cross- 

section measurements.    Application of a nagnetlc 

field increases this external glew by keeping 

charged products away from the chamber walls. 

The bell Jer neauurements with the spectrome- 

ter gave a value of about 7.5 x 10"18 cm8 for the 

cross P"cttaa at a beam energy of 670 eV, which 

canpares fÄvorably with Holland's best  (interpolat- 

ed) value of 7.15 x 10"19 cm2 at this energy.   A 

series of measurements with his photometer on the 

bell Jar also yielded a value of 7.5 X 10"18 cm2. 

Cflgln of t;.e External Glow 

It is clear that at low pres-ures about half 

of the 39114-31 liöit is emitted external to the pri- 

fflwy colliffloted beam.    This is a surprisingly large 

amount, and the question arisec as to its crigin. 

We Infer that it comes from thi  socondnry electrons 

produced by the priwry beam.    Mu'-e quantitative 

teaGiireiants on the fraction of lig>it external to 

the beam were made by occulting the prlnftry beam 

from the monochranatar's field of view with a strip 

of black oisking tape placed on the window of the 

bell Jar.   With a 25-gausE field applied to bring 
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the faint glow in frcro the walls, the 591U-JI light 

observed was about kOf of the total, at pressures of 

C 5 to 6 ti.    Far the first positive  (0,0) band at 

10,^10 I, the external light is about 655t ,/ the to- 

tal.    Uipher magnetic fields reduced the light be- 

cause more  of it was then being produced behind the 

occulting strip. 

It does not seem that this amount of light can 

come fron primaries scattered out of the beam.    The 

fact that at lew pre8c4urea the beam does not greatly 

diminish in Intensltv as It traverses the chamber 

showj that not nany    Itctrons leave the beam, end 

the beam spread Indicates that any scattering is 

largely small angle sca-t hertng.   The pressures are 

such that the range is frcun 10 to 50 times the bell 

.jar chamber length, so that scatter  id prineiries do 

not lose much of their energy before striking the 

side walls.    Cte trouble with the supposition that 

the light la due to secondary electron excitation is 

the relatively large extent of the gl<*r In the 25- 

gauss field.    Cte might expect even a 50-eV seccod- 

ary electron to be bent into a circle of no mare 

than 1-cm radius.    If the slow is produced by sec- 

ondaries, it is not clear why it extends to about 10 

times this radius.   The glow dimension seems to sup- 

port the idea of glow production by scattered pri- 

nariee. 

This light was stmied as a function of pres- 

sure.    The secondary production and pirlinary scatter- 

ing per unit length of beam should, change linearly 

with pressure.    Light per unit volume produced by 

the secondaries or scatte^d primaries should then 

Increase as the square of the pressure.    On the 

other hand, if the secondary loses all its energy in 

the gab, the total secondary light would change only 

linearly with pressure--the priaarle- can hardly be 

expected to lose all their energy before meeting a 

wall.    The actual dependence observed was between 

linear and quadratic, so the question is still open. 

The feet renBins that considerable light is produced 

outside the priiery beam. 

RAWffi MEASHUSMENTS 

Since visual measureiaents made six years ago 

give ranges considerably longer then those arrived 

at by theory and about 20^ lenger than those aeas- 

ured by lehnan and Oe-ood1* in the 1920's.    Further 

range measureiaents made during the present year are 

probably worth reporting, though the previous ones 

uere not. 

Range Measureiaents in tt.e Integrating Cphere 

The plot of light output vs ener^ at constant 

pressure and constant current in the integrating 

sphere  (Fig. 6) sho«fs a rather sharp break Into sat- 

uraticu at a critical voltage.   Actually, if carried 

to higher voltages, the ciu«« tends downward.    One 

ImagineB the efficiency to be constant, the total 

ll^it increasing In jrop^xtlcm to the    nergy.    How- 

ever, at that electron energy where the beam begins 

to expend energy In tne walls surrouaiing the glow, 

the light should begin tr fall off.   Stuiying this 

break point as a function of energy will, in princi- 

ple, allow one to determine the pressure correspond- 

ing to the fixed range as a function of energy. 

Making the determination for two different spectral 

bands, as was done for the 391^- ard 10,510-Ä bands, 

alltvs one to determine whether the range Is differ- 

ent for different excitations.    In the experljasnt 

here, the energy was kept fixed and the pressure was 

changed to effect the change in range.    The argu- 

nents are simllAr; it is the optical analogue of 

tehnan and Osgood's experijaent.    Typical plots are 

shorn in Fig. 11.    Although the break points ob- 

tained by extrapolating the straight parts of the 

curve agree well, the li^rt outputs in the two banls 

vary differently with pressure.   That in the 391lt-A 

band is very nearly iropartional to pressure, and 

f.iat in toe 10,510-Jl btnd exhibits a l.^th-power 

variation.   The latter curve also breaks less sharp- 

ly.    Both of these fÄcts suggest that the ratio of 

red to blue light Is higher in the outer reaches of 

the glw.    TMs is also evidenced by toe pronounced 

reddening of the glow seen when the peripheral re- 

gions are compressed toward the beam by application 

of a magnetic field.   The ranges, however, seem to 

be the same. Judging from the  (extrapolated; break 

points.   A plort of the pressure vs voltage for a 

fixed range equal to the sphere diameter is shown as 

(A) In Fig. 12, along with our other ekperlnenial 

curves  (B) and  (D)  (see next section) a«i that of 

lehrnan and Oegocd (C) scaled to the sphere dianeter. 

The integrating sphere results would show better 
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Fig.  11. Sphere ll^it output vs iressure at 920-eV 
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the solid «rrws is ko ^ for range equal 
to J^-in. sifcere dlaiaeter.    Plressuros at 
dashed arrows are In better agreement with 
range measurements by other nethods. 

agreement with other methods if the critical pres- 

pure were taken at the dashed arrows in Pig. 11. 

Hange from Marrow-Field Cbservatloos P-on the Side 

Another, and probably more reliable, nethod of 
range aeasureoen'*', is similar to the visual nethod of 

estimating the r^nga by mi surement of the distance 

the glc^r extends fron the g>in.   A ptiotoneter with a 

field of view naxrow in the hdrizont&l direction is 

fixed at one of the windows of the large vacuum 

chamber with the sphere removed»   The photooeter 

views the glow from the side, receiving light from a 
thin, wedge-shaped volume perpendicular to the beam 

axis.    Bie detector Is an unfiltered photcoultiplier 
sensitive in the vislb.je and near-ultraviolet range. 

Intensity oeasurenrsnts are mode as the range is var- 

ied by changing the beam energy, with the pressure 

attl current kept constant.    As the beam energy de- 

creases, the light falls off as shown In Fig. 13. 

■Rie light decreases linearly over a good part of the 
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MOVEABLE   PBOBE 
39 1/r RANGE 
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21   1/2' RANGE 
12   1/2'RANGE 
3  1/2'  RANGE (TOO SHORT) 
S9  i/2' RANGE (FROM PLOT 
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Fig.  12. Pressure-voltage plot for fixed J't-in. 
range.   The two circle points indicated 
by arrows  (solid and dashed) are the criti- 
cal points frooi the 3914-Jl plot of Fig. 11 
carrespondingly narked. 
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Fig. 15.    Light signal vs beam energy at various 
pressures for the  fixed photometer with a 
narrow field of view.    Arrows indicate crlt- 
cal voltage at which range is 21-1/2 in. 
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energy range before Iv. tails off, so an extrapols- 

ticn to zero light output can be mde aai a repro- 

ducible and definite energy value obtained.    Far 

this electron energy and pressure, the range la the 

distance frcra the gun to the point where the photom- 

eter field of view intersects the bepm axis.    Mea- 

sure is changed, and another light curve is deter- 

mlntd.    Application of the longitudinal nagnetic 

field does not significantly affect the extrapolated 

end point.    The results obtained employing this 

technique are reproducible between the bell Jar and 

the large vacuum chamber and are shewn in the curve 

(B) of Fig. 12, which should be considered the most 

reliable optical range curve.    The points platted In 

Fig. 12 were obtained by nultiplylng the experimen- 

tal pressures by the ratio of the indicated experi- 

mental ranges to 5^ in.   Visual estimates give long- 

er ranges as shown by (D), rather as expected. 

Two similar measurenr     S were made, with the 

mouochracatar-detector as the photcneter, to check 

the  sphere results at two specific bands, the 5914-i 

first negaMve and the 10,510-11 first positive 

bands.    To obtain sufficleirc light, the slits were 

opened to 1 cm!    The straight-line partion of the 

cutoff curve was rather short for the 10,510-Jl band, 

but the results indicated that the critical voltage 

for this band wat  from 5 to lO^t lower than that for 

the 5914-11 band, which points to a somewhat longer 

range for the excitation of tlw   first positive radi- 

ation. 

Hange Heasurements with a Movable Vrdbe 

Other range neasurements were made oy moving 

a light aai current aetectar along the axis of the 

glow, rather than moving the glow past a fixed de- 

tector.   The arrengement will not be described in 

detf-il.   Suffice it to say that the light probe 

is a narrow-field  light collector looking out ncsr- 

nal to the beam axis in all directions, with the 

light brought  to an outside detector by a light 

pipe.    The current probe is a multlgrld protected 

Faraday cup.    The cup is a hollow cone whose pol- 

ished outside surface directs light down the light 

pipe as part of the light probe. 

Meosureraents are in reasonable agreement with 

those of the fixed narrow field photoweter, unless 

the glev geta too far down the cylindrical vacuum 

chamber.    The range measured i    ^iien much too sh^* ; 

it is r.ot clsar why. 

The current probe was unsuccessful, or perhaps 

too successful.    Uiere are five grids in front of 

the cup.    The first is grounded and part of the 

shield.    Ihe second, biased negatively, stops slcv 

electron entry.   The third, biased positively, stops 

positive ion entry.    The fourth, biased negatively, 

repels secondary electrons or photoelectrons emitted 

from the collector cup.    The fifth, at cup (ground) 

potential, shields the irside of the cup from the 

fields outside and is probably superfluous.    With 

the grids biased in this way, the probe was intended 

to be sensitive only to high energy electrons, that 

is, to elöctrons with energy sufficient to pass the 

first grid.   When the probe was moved tlirou^i the 

glow, there was no cnaracterlstic break or identify- 

ing feature in the current vs distance plot to which 

to assign a range value.    A semllog plot gave a very 

nice straight line.    In retrospect, this perhaps 

should have been expected; at any given distance 

fl-om the gun there are always a few high er^rgy 

electrons which nanftge to reach that point without 

suffering the nomal amount of energy loss, and 

their nunfcer decreases exponentially with distance. 

CBe could take the range as that distance throufji 

which the current falls by l/e, but this is not very 

useful. 
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